This paper proposes a new control technique of energy storage system (ESS) for smoothing the active power of renewable energy sources (RES) such as photovoltaic and wind turbine generation. As the penetration of RES into grid increases, it is difficult to maintain the permissible level of power quality, that is, voltage and frequency fluctuation in power systems. To solve this problem, ESS control methods using low pass filter (LPF) have been proposed for mitigating the fluctuation of RES output. However, those have a lot of drawbacks which need to be supplemented. Hence, this paper presents the improved active power control with additional reactive power control for maintaining power quality properly. The proposed method minimizes the capacity of ESS to be required for smoothing RES output fluctuation through mitigation of phase delay problem in LPF. In addition, the voltage regulation improves by using additional reactive power control. The proposed method was verified through simulation analysis using PSCAD/EMTDC.
Introduction
Thanks to the advancement of renewable energy technique such as power electronics and electrical materials, the RESs have been commercialized successfully. As the operating costs of RESs are continually diminishing, the penetration rate of RES is also dramatically increasing [1] . Especially, after RESs are adopted distributed generation (DG) as a substitute to synchronous generator which has conventional grid inertia, energy supply structures are also changed to inverter-based power conditioning systems (PCS) [2] .
However, this change has serious impact on the conventional power systems and transmission lines designed for constant frequency due to the weak inertia of grid caused by the PCS. Especially, RESs have in common the intermittent characteristic which is influenced by environmental factor such as instantaneous changes of weather. Eventually it causes voltage and frequency fluctuations [3, 4] . From the point of view of system operator, these cases become harder to maintain the permissible level of power quality in distribution systems. One solution for such a problem is the application of ESS which can implement power smoothing control and many studies and experiments are currently underway [5] .
ESS has been used for various purposes like electric supply reserve capacity, time-of-use based electricity demand response, and uninterrupted power supply [6] . The most powerful advantage of ESS is to flexibly control active and reactive power simultaneously. Hence, ESS can be applied to grid-supporting operation such as load leveling, power smoothing control, and voltage regulation. Coordination operation of distributed generation in voltage/reactive power control is on an upward tendency. Among them, power smoothing control by ESS is one of the methods for mitigating active power fluctuation of RESs. In this case, it is important to decide the output reference of ESS related to its capacity. In general, weather forecasting [7] and signal processing by LPF [8] have been proposed for calculating the output reference of ESS.
These methods have some problems. First, it incurs the excessive ESS capacity caused by inaccurate reference. The output prediction through weather forecasting cannot get reliable data perfectly and the LPF method generates excessive damping or phase delay. That is to say, these methods result in unnecessary ESS capacity. For solving this issue, active power control should be simultaneously implemented with reactive power within the kVA or MVA rate capacity of ESS. Because operators should decide the rate of reactive power to real power in respect of benefits or incomes. Second, power smoothing control using active power only has little effect on the mitigation of voltage fluctuation in distribution system. Therefore, ESS should properly control the active power as well as reactive power for better performance of power quality maintenance [9] .
In this paper, a new improved power control method of ESS is proposed, which is to minimize the active power reference error simultaneously with the reactive power control. The frequency response characteristic of proposed controller is designed by MATLAB. In addition, the proposed method is verified through modeling and simulating the model power system with RES and ESS by PSCAD/ EMTDC software package. The comparisons between conventional method and proposed method is also carried out by same process for power smoothing. Fig. 1 shows the power system with DG combined of RES and ESS. RES and ESS operate as a grid-feeding power converter which generates a desired active and reactive power [10] . Their converters implement PLL for synchronization with power system. In Fig. 1 , the phase of power system is considered as zero and the one of RES and ESS is δ. In addition, the controller of grid-feeding power converter consists of outer power control loop and inner current control loop as shown in Fig. 2 . Therefore, RES and ESS can be considered as current sources with high parallel output impedance. Assuming that RES implements a MPPT, the complex power injected to power system is in the following as:
Control Structure of Power Smoothing Control
For accurate control of ESS for power smoothing, it is necessary to calculate a reference of active power correctly. Fig. 3 shows the control structure of ESS for power smoothing control. Many papers prefer the method using LPF because it is easy to set up the control structure. In this control structure, the section of determining the output reference value of ESS is the subtraction of the active power signal of RES from the signal passing through the LPF. The transfer function of LPF and active power reference of ESS can be written as: Where the ζ is damping ratio and the   is natural undamped frequency. Also, the reactive power reference value of ESS is zero because RES does not generate a reactive power through MPPT. The level of smoothing effect depends on the above mentioned parameters. Therefore, it is very important to adjust the parameters which suit the occasions.
Drawbacks to Conventional Power Smoothing Control using LPF
The core of conventional power smoothing technique is the use of LPF to smoothen the signal of active power of RES. However, even though this method can make the signal of output power enough to smooth, several drawbacks exist as well. Fig. 4 shows the frequency response of second order LPF in which ζ and   are set to 1 respectively like blue lines of bode plots. It is obvious that the greater the natural undamped frequency is, the greater the effect of damping is. This response signifies that the signal might be an overdamped signal such as nearly constant value due to inadequate setting parameter. It leads to an unnecessary operation of ESS. Though this operation of ESS can perfectly reduce an output fluctuation of RES, the State-Of -Charging (SOC) and Discharging (SOD) of ESS are also excessively fluctuating. In this case, it will be more difficult for operators to maintain ESS so that this situation should be avoided.
Let us assume that the parameter of LPF is properly determined. Nevertheless, it is inevitable that the signal has a phase delay in accordance with frequency response of LPF [11] . The phase delay of LPF is 90 degree at cutoff frequency as bold red line in Fig. 4 . On the other hand, the damping effect is diminished if the frequency is adjusted lower to lessen the phase delay. On the contrary, phase delay will be increased if cutoff frequency is increased as depicted in Fig. 4 from blue line to red line. It means that the method using LPF will continue to have a tradeoff between phase delay and power smoothing effect. Fig. 5 shows the two drawbacks focusing on the LPF. Consequently, the ideal method is the use of system in which has no phase delay enough to smoothen the signal and many papers are concentrated on this problems [12, 13] .
The purpose of ESS for power smoothing control of RES is the enhancement of power quality to stabilize the voltage and frequency. However, a lot of the conventional power smoothing techniques is only focusing on the active power. For better performance of power quality improvement, the control of reactive power is necessary [14] . By the relation between voltage and reactive power Fig. 6 , voltage regulation should be controlled using the reactive power within the tolerance range of power factor and capacity. Although the reactive power supply like static var compensator (SVC) is installed in power system, it is hard to adjust the heavy fluctuation of voltage caused by RES. In this circumstance, ESS can be an alternative by injecting or absorbing reactive power according to the voltage fluctuation of PCC.
Proposed Power Control Method of ESS for Power Smoothing Control
Through the previous section, requirements for improvement of ESS for power smoothing in order to mitigate an effect by RES are as in the following: prevention of excessive compensation, minimization of the loss caused by phase delay, and addition of reactive power control. For satisfaction of requirements, this paper proposes the power control method of ESS like Fig. 7 .
In case of active power, Band Pass Filter (BPF) and Band Reject Filter (BRF) are substituted for LPF. This combination is similar to notch filter. The role of BRF is signal smoothing with minimizing phase delay by adjusting parameter A. Additionally, BPF is designed to adjust the amplitude of signal. For the flexible operation of ESS for power smoothing control, the parameter A and B can be adjusted according to SOC or SOD of ESS. The frequency 
In case of reactive power, the process of subtraction of the voltage signal at PCC passing through the LPF from original signal is added. Especially, the reason of using LPF in reactive power is the frequency component of voltage which is lower than frequency component of active power. Therefore, it is sufficient to smoothen the voltage regulation using LPF. In addition, the amplitude coefficient σ is determined to adjust a magnitude of reactive power for level of voltage mitigation effect. Finally, excessive or insufficient compensation can be prevented by voltage error compensator which is making a comparison between voltage at PCC with and without ESS. The relational expression of section in reactive power can be expresse d as:
  _ = γ  −   _  (9) Fig. 9 shows the algorithm of voltage error compensator. The voltage at PCC without ESS   , should be calculated by formulas of voltage regulation. Using this value, comparison between   and   , will be performed. When   is bigger than   , , the positive error compensation is considered. In contrary, when   is smaller than   , , the negative error compensation is considered. The level of compensation can also adjust by controlling γ.
Simulation Result and Analysis
For verification of proposed control method, the simulation is carried out using PSCAD/EMTDC. Fig. 10 shows the configuration of simulation and Table 1 shows the specification of configuration. For observation of voltage regulation caused by RESs, conventional voltage compensators like step voltage regulator or SVC are not considered. Therefore, the voltage at distribution will be displayed with heavy fluctuation. The comparative analysis between conventional and proposed method is performed in this section. In the simulation results, it will focus on the difference in performance of smoothing effect of RES, required capacity of ESS, and improvement of power quality like mitigation effect of voltage regulation. Fig. 10 . Configuration of power system for verification Fig. 11 . Active power of renewable energy plant Fig. 11 shows the active power of renewable energy plant based on wind generation and photovoltaic generation data. In case of wind generation, it is measured from wind turbine located in Samdal, Jeju in Korea. In case of photovoltaic generation, a generated data which has the output characteristics of PV is also added to the data of RES. The simulation is performed to compare the proposed method with LPF under same power smoothing effect. In case of conventional LPF,   is set to 0.18 Hz. To perform the two methods in same condition, B parameter of proposed method is set to 6. Fig. 12 shows the comparison of smoothing effect between LPF and proposed method. The data of proposed method has not phase delay in comparison with data of LPF.
Power smoothing effect without phase delay
Because the phase delay is eliminated in proposed method, ESS needs the less required active power for power smoothing control in comparison with LPF. Fig. 13 shows the comparison of required active power between LPF and proposed method. The required active power of LPF is greater than proposed method at all the sections of Table 2 shows the specification of simulation results in Fig. 12 and Fig. 13 . Operators can control the level of smoothing effect by adjusting the parameter of BPF. Fig. 14 shows the comparison of power smoothing effect according to the change of parameter B. The bigger the B is, the better performance of smoothing effect can be obtainable. The problem of unnecessary compensation previously mentioned can happen if the gain of BPF is too high. Therefore, operators should be discretion in controlling of gain parameter in case of insufficient SOC. In case of LPF,   should be adjusted for determination of power smoothing effect. However, the bigger the   is, the worse phase delay happens according to the frequency response of LPF. Fig. 15 shows the comparison of power smoothing effect according to the change of   . For these reasons, proposed power control method has better performance than conventional LPF in case of required power of ESS.
Improved voltage smoothing effect by controlling reactive power
In the simulation of voltage at PCC, three cases are considered: no use of ESS, use of ESS with P control, and use of ESS with P and Q control. Unlike previous simulation of active power, parameter B is set to 1. Fig. 16 shows the voltage at PCC with and without reactive power control. The starting point of reactive power control is marked using arrow. Actually, voltage fluctuation is mitigated once any power smoothing techniques is used. However, comparing between the case of no use ESS and P Fig. 17 shows the required reactive power and Table 4 shows the specification of simulation results in Fig.  16 and Fig. 17 . The amplitude coefficient is determined to adjust the voltage mitigation effect. Fig. 18 shows the comparison of voltage at PCC according to the level of amplitude coefficient. The smaller the amplitude coefficient is, the lower the voltage mitigation effect is. Operators should be discretion in controlling amplitude coefficient. Fig. 19 shows the required reactive power according to the level of amplitude coefficient.
The role of voltage error compensator is to prevent unnecessary or insufficient compensation of voltage regulation caused by LPF. Fig. 20 and 21 show the difference of with and without voltage error compensator. In case of non-Q control, the magnitude of voltage is too high or too low in comparison with original situation. In worst case, it can cause an over-voltage in distribution system due to excessively required reactive power. Therefore, the voltage error compensator is necessary to regulate a voltage in distribution system. Operators can also adjust the control level of voltage magnitude by adjusting the offset coefficient. As the offset coefficient decreases, the magnitude of voltage is lower. However, the problems of voltage drop and voltage rise beyond the tolerance band 1 ± 0.05 p.u. also happen if the coefficient is significantly low. Therefore, operators should be discretion in controlling of offset coefficient as in the same case of active power control. 
Conclusion
In power smoothing techniques, the method of LPF has a trade-off between damping effect and phase delay. Moreover, it has little effect on the voltage fluctuation in distribution system because of focusing on the active power based on MPPT and PLL. To overcome these demerits, the method of active and reactive power control is proposed in this paper. The performance of proposed power control method is verified through the simulation results such as required active power, elimination of phase delay, and voltage mitigation effect. However, the SOC and SOD is not considered in this paper. Actually, the level of power smoothing effect depends on the SOC and SOD. It means that these factors make a decision on how to constantly perform power smoothing control. Also, environmental factors of wind velocity and irradiation always change. It implies that the frequency component of active power of RES is continuously changing. Therefore, situational adjustment of parameters is necessary for competent power smoothing techniques. Consequently, for the long-term management of power quality in distribution system, these parameters mentioned in this paper should be determined with prudence accordingly.
The larger ESS capacity for power smoothing effect is, the greater the cost is. Therefore, it is very important how the break-even-point between power smoothing effect and ESS capacity is decided reasonably. Therefore, by using our proposed method and algorithm, RES operators can determine the cost-effective capacity of ESS for their benefit.
